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Abstract

Systems of floating solid particles in liquid are encountered in industry, for example in the ironmaking blast furnace
hearth or in slurry bubble columns. Coupled, unresolved CFD-DEM modelling can be used to gain a better
understanding of these complex systems. This modelling technique has been applied successfully to gas-solid
system by many researchers. In these systems, the particle fluid-interaction is dominated by the drag force.
However, when modelling liquid-solid systems, other forces such as lift and virtual mass become of importance.
In this work, models are presented for these interaction forces. Finally, a simulation of a floating particle bed in
counter-flow is performed. From analysis of the forces, it is shown that at higher Reynolds number (>1000) / high

void fraction (>0.7), influence of the lift and virtual mass forces is significant (>10%) and cannot be neglected.

1. INTRODUCTION
Liquid-solid floating particle beds are encountered occasionally in industry, for example in the ironmaking blast
furnace hearth [1] or in slurry bubble columns. When modelling such systems, the liquid-solid interaction is often
assumed to be dominated by the drag force [2]. However, as the density of the continuous phase is large relative
to the particle density, other interaction forces such as the lift force and virtual mass force might contribute to the
total interaction force significantly. In this study, unresolved CFD-DEM modelling is used to assess the significance
of different liquid-solid interaction forces during flow through a floating particle bed. Previously, CFD-DEM has
been applied mainly to gas-solid systems, which can be assumed to be drag-dominated. This work aims towards

extending to liquid-solid systems by inclusion of more interaction forces.
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2. MODEL DESCRIPTION
In the unresolved CFD-DEM method, fluid flow through the particle bed is resolved only at a length scale larger
than the particle, placing its resolution between that of the resolved Euler-Lagrange (immersed boundary) method,
and Euler-Euler (two-fluid) models [3]. This allows for the simulation of systems containing interacting fluid and
solid phases at a reasonable computational cost [3]. Unresolved CFD-DEM has been applied successfully in
numerous systems, such as gas-solid fluidization [4] and geomechanical applications [5]. In this work, the
CFDEM®coupling framework [4] is used, which relies on LIGGGHTS® [3] (DEM) and OpenFOAM® (CFD).

a. COMPUTATIONAL FLUID DYNAMICS
Zhou et al. [6] reviewed three different model formulations for the continuous phase. One of these, referred to as
set Il in the work of Zhou or model A in other literature, is used in this work. The (Newtonian and incompressible)
fluid flow is governed by the continuity equation (Equation 1) and the Navier-Stokes equation (Equation 2). Here,

frp represents the total interaction force per unit volume which the fluid exerts on the particles.

b. DISCRETE ELEMENT METHOD
The Discrete Element Method is a well-established method which has been described many times before [7]. The
particle trajectories are calculated by integrating Newton’s laws of motion using a Velocity Verlet algorithm [8]. In
this work, the contact force F,, is given by a Hertzian contact model with a Constant Directional Torque rolling
friction model [9]. It should be noted that in unresolved CFD-DEM, the integration timestep for DEM is much

smaller (20-500x smaller) than for CFD. The interaction force Fy, is evaluated only at the CFD timesteps.

c. INTERACTION FORCES
The total interaction force is the sum of a number of contributions. These interaction forces include the drag, lift,
Archimedes, pressure drop, viscous, added mass, Basset and lubrication forces. In the present work, the Basset
history and lubrication forces are not taken into account, since their influence is considered small at the scale of

the CFD cells. The Archimedes, pressure drop and viscous forces are given by Equation 9 - 11 respectively.

i. DRAG FORCE
Many drag correlations have been proposed in literature, applicable in different particle Reynolds number (Re, =
prlu—wvl|d,/us) and solids volume fraction regimes. Most well-know are the work of Stokes [10] (single particle,
low Rep), Turton and Levenspiel [11] (single particle, high Rep) and Ergun [12] (dense packing, all Rep). In this
work, the drag correlation by Beetstra [13] is used, which was developed for random arrays of spheres at

intermediate Reynolds number. The drag force is given by Equation 3 - 4.
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ii. LIFT FORCE
The lift force is induced by either the vorticity of the fluid field w (Saffman lift) or rotation of the particles Q (Magnus
lift) [14]. McLaughlin [15] and Mei [16] extend the model by Saffman (Equation 6, [17]) to finite Reynolds numbers,
resulting in Equation 7. Loth [18] reported a correlation for the spin-induced lift coefficient at low and intermediate
Reynolds numbers (Rep < 2000, Equation 8). Since collisions change the particle rotation rapidly, no equilibrium
between particle rotation and fluid vorticity can be assumed. Therefore, shear-induced and spin-induced terms
are included separately in Equation 5.

iii. VIRTUAL MASS FORCE
When a particle accelerates, a part of the fluid around it is accelerated as well, resulting in the virtual mass force.
This force is given by Equation 12, as formulated by Auton et al. [19]. For an isolated particle, Cyy o = 0.5 [14].
For groups of particles, a correlation was developed based on the work of Felderhof [20], [21]. Equation 13 - 14
give the virtual mass coefficient as a function of the solids volume fraction €, and the specific gravity SG = p,/p;.
The coefficients given in Table 1 were obtained by fitting these equations to the data by Felderhof, as displayed
in Figure 1. The R2-value of the fitted curve is 99.6%, indicating a good correspondence. To improve numerical
stability, the individual particle velocity v was replaced by the locally averaged solid phase velocity u,. This way,

only the acceleration of the particle bulk is considered, not the local acceleration of particles during collisions.

(].7 T T T T T
o SG=10 y
o SG=35 47
065F v SG=2 4
& SG=1 i
N > SG=172 855
Table 1: Coefficients and standard errors ~ 06F 4 SG=1/5 5;/;%;;’ E
for Equation 13 - 14. = ® SG=1/10 225578
7 - - —Fitted curve P = A
- ~ 055 - 22* _
l Qi0 i1
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Figure 1: Dependency of the virtual mass coefficient on solids
volume fraction and specific gravity.
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3. RESULTS AND DISCUSSION

In order to show the significance of the different interaction forces, a CFD-DEM simulation of a floating particle

bed in liquid counter-flow inside of a cylindrical periodic channel was performed. Table 2 lists the simulation

parameters. The magnitudes of the different interaction forces (averaged over all particles and time, then

normalized by the sum of magnitudes) are displayed in Figure 2, both as a function of fluid volume fraction (left)

and particle Reynolds number (right). The viscous force is not included in this figure, as its contribution is

negligible. Also the Archimedes force is not displayed, as it is constant.
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Table 2: List of simulation parameters. [ Drag B Lift 224 Virtual Mass [V P

| — : :
Dcyl D%n;gl . m 0.9 0.9 i
Lyt 0.50 m )l
€r 0.5 -
Flud B0 ey M T
Uy 0.05 mis  _ acl Al L T
Pr 1000  kg/m3
Ur 103 Pa-s
Atepp  5°10°8 s
Axcpp  0.025 m
Particles
d, 0.01 m
Pp 500 kg/ms3
N, 2-104 -
E 5-106 Pa -
Vp 0.45 - glLiiiiti RESee Ll
e 03 - 500 1000 1500 2000
.ufric 0.5 - ch )
Uroll 0.1 - Figure 2: Relative magnitudes of the interaction forces as a

Atppy  5-10% s function of void fraction and particle Reynolds number.

It is clear from Figure 2 that the drag and pressure drop forces provide the biggest contribution to the total
interaction force. However, at higher Reynolds number and/or lower solids fraction the lift and virtual mass force
become of increasing importance. Each of their contributions reaches up to 5% of the total interaction force on
average, or 10% of the total in instantaneous measurements. This means that these forces cannot be simply

neglected for systems of floating particles, as they influence liquid-particle interaction significantly.

4, CONCLUSIONS AND OUTLOOK
In this short paper, the different fluid-particle interaction forces for a system of floating particles in a liquid were
assessed. For each force, a model was provided and implement in the CFDEM®coupling framework. A simulation
of a floating particle bed in liquid counter-flow was performed. The relative contribution of each of the interaction
forces to the total interaction force was analysed and it was found that at higher Reynolds number (>1000) / high

void fraction (>0.7), influence of the lift and virtual mass forces is significant (>10%) and cannot be neglected.

In future work, the fluid-particle interaction forces at the particle collision scale (virtual mass, Basset and lubrication
forces) will be investigated and implemented in the CFD-DEM model. Together with the large-scale force

expressions presented here, these models provide a complete description of the solid-liquid interaction.
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